INTRODUCTION
The entomopathogenic fungus Beauveria bassiana is a globally distributed hyphomycete under intensive study as a biocontrol agent for a variety of pest insects. Displaying a broad host range and being able to target a diverse number of arthropod species (Clarkson & Charnley, 1996; Ferron, 1981; Gupta et al., 1992; Kucera & Samsinakova, 1968; McCoy, 1990; St Leger et al., 1986) , strains of B. bassiana have been selected for control of insects and other arthropods that act as disease vectors, including mosquitoes and ticks (Clark et al., 1968; Kirkland et al., 2004) , crops pests such as whiteflies, caterpillars, grasshoppers and borers (Brownbridge et al., 2001; De la Rosa et al., 2000; Khachatourians, 1992; Wraight et al., 1998) , and even ecologically hazardous, invading pests such as fire ants and termites (Broome et al., 1976; Culliney & Grace, 2000) . Beauveria sp. have been recognized as important ecological agents in regulating insect populations, and appear to be able to colonize and/or interact within plant rhizospheres as an endophyte (Bing & Lewis, 1992; Lewis et al., 2001) .
ATPases, various antimicrobial hexadepsipeptides known as beauvericins, as well as small molecular mass organic compounds, such as oxalic acid, that play important roles in pathogenesis (Isaka et al., 2005; Jeffs & Khachatourians, 1997; Kagamizono et al., 1995; Kirkland et al., 2005; Takahashi et al., 1998) .
Despite this interest, the molecular mechanisms of entomopathogenicity, endophyte establishment or rhizosphere competence, and B. bassiana-mediated biochemical transformations, are largely unknown. Few of the genes encoding proteins involved in any of these processes have been described, leaving a wealth of potential for the characterization of novel natural products derived from this organism. Analysis of expressed sequence tag (EST) transcripts expressed during discrete developmental and growth conditions represents an efficient means of characterizing the genome potential of an organism. Large numbers of genes can be rapidly examined in systems where little or no genetic information is available, and this information can be used to develop models regarding virulence factors and pathways important for the insect-fungus association, as well as give insights into biochemical pathways that lead to the many interesting metabolites produced by B. bassiana. In the accompanying paper (Cho et al., 2006) , we analysed ESTs derived from homogeneous distinct single cell populations derived from B. bassiana, namely, aerial conidia, in vitro blastospores and submerged conidia. In an effort to maximize the diversity of transcripts isolated, two additional cDNA libraries were constructed from fungi sporulating on chitin, the major carbohydrate constituent of arthropod cuticles, and from cultures grown under conditions that lead to the production of oosporein. An overall comparative analysis between all five libraries is discussed.
METHODS
Cultivation of fungi. B. bassiana (ATCC 90517) was routinely grown on potato dextrose agar (PDA). Plates were incubated at 26 uC for 10-14 days and aerial conidia were harvested by flooding the plate with sterile dH 2 O. Conidial suspensions were filtered through a single layer of Miracloth and final spore concentrations were determined by direct count using a haemocytometer. For the chitin library, conidia (2610 5 cells ml 21 final concentration) were inoculated into 500 ml Sabouraud dextrose broth/1 % chitin (Sigma-Aldrich) and grown for 18 days at 25 uC with aeration (shaking incubator, 150 r.p.m.). Oosporein (Oos) medium (per litre: 50 g glycerol, 2 g NaNO 3 , 1 g KH 2 PO 4 , 0?5 g KCl, 0?5 g MgSO 4 .7H 2 O, 0?02 g FeSO 4 .7H 2 O) was used for the induction of oosporein production in B. bassiana (El Basyouni & Vining, 1966) . Conidia (1 ml, 1610 8 cells ml 21 ) were inoculated into 500 ml Oos media and grown for 10 days at 25 uC with aeration. For each culture, the total fungal cell mass was harvested by centrifugation and washed once with sterile dH 2 O, after which 1 ml RNAlater (Ambion) was allowed to penetrate into the pellet. After 10 min, the sample was quick frozen in liquid nitrogen, the cell pellet lyophilized, and the resultant powder stored at 280 uC until use.
Construction, characterization and sequencing of the cDNA libraries. RNA isolation, construction of the cDNA libraries in the unidirectional pBluescript II XR system (Stratagene), and subsequent plasmid isolation and DNA sequencing were performed as previously described (Cho et al., 2006) . Approximately 2500 clones were picked at random from each library and subjected to single pass 59 end sequencing. The mean insert size of the cDNA libraries was 1?1 and 0?85 kb for the oosporein and chitin libraries, respectively, with an overall range of between 0?3 and 3?0 kb. After editing the mean length of the single read sequences ranged from 0?4 to 0?5 kb.
Sequence analysis. EST sequence clustering, assembly and gene ontology (GO) mappings were performed as described previously (Cho et al., 2006) .
RESULTS AND DISCUSSION

Characterization of the EST database
EST libraries were constructed from mRNA derived from B. bassiana grown on chitin or under conditions that induced expression of the fungal secondary metabolite oosporein. Harvested cultures were heterogeneous, and contained extensive hyphal growth and mycelia, and conidia and/or blastospores in various developmental stages. The oosporein culture supernatant was bright pink/red before harvest, indicating the production and secretion of oosporein. An analysis of the total number of valid ESTs, the assembly of the ESTs into groups of cDNAs that share sequence identity and were considered to represent transcripts of the same gene (contigs), the number of singlets, and the diversity index for each library are given in Table 1 . The representative nature of the libraries was confirmed by the high degree of transcript diversity. The number of sequences clustering into contig groups was noticeably different between the oosporein and chitin libraries at the higher end of the distribution, with the former containing no sequences represented more than 20 times, whereas the latter contained four contigs represented by 22, 24, 37 and 65 ESTs ( Fig. 1 ).
Functional analysis of the EST libraries
The unigene sets for each library were used for similarity searches. BLASTX searches using E values of ¡10 24 identified contigs with amino acid sequence similarity to previously characterized proteins deposited in the ESTs derived from the unigene set with BLASTX e values <10 24 were parsed into one or more subcategories within the biological processes (containing 12 major subcategories), cellular components (containing 8 subcategories), and molecular functions (containing 12 subcategories) hierarchies of GO representations (Farmerie et al., 2005; Harris et al., 2004) . The distribution of ESTs within each subcategory is presented for the oosporein (Fig. 2 ) and the chitin (Fig. 3 ) libraries. A table of these results is available as supplementary data with the online journal ( Supplementary Table S2 ).
Analysis of the oosporein and chitin EST libraries
Approximately 17 % of the ESTs in each of the oosporein and chitin libraries were unique and not found in any of the other libraries, including those presented in the accompanying paper (Cho et al., 2006) . In a number of cases, clones that did not cluster displayed similarity search hits to the same protein. For example, two different oosporein contigs (oosporein.113.c1 and oosporein.266.c1, comprised of two sequences each), were similar (e values 3?2610 235 and 7?43610 212 , respectively) to the Saccharomyces cerevisiae spore wall maturation protein DIT1 involved in the production of dityrosine containing macromolecules in the spore wall. These contigs could not be aligned into a larger contig, although a partial overlap (less than 40 % identity) could be noted over an approximately 100 bp region; however, the level of mismatch would indicate that these are indeed distinct transcripts.
Broad functional categorization of the ESTs isolated from the oosporein and chitin libraries revealed similar expression representation of catabolic pathways, carbohydrate metabolism and other metabolism categories, including protein, nucleic acid and amino acid catabolism, and biosynthesis. A twofold difference in the representation of phosphorus metabolism ESTs was noted in the oosporein as compared to the chitin library (see Supplementary Fig. S1 available with the online journal). The distribution of sequences within ribosomal and mitochondrial intracellular categories was similar between the two libraries, although some variation in cytoskeletal, nuclear and membrane subcategories could be seen. The oosporein library contained a slightly greater proportion of transferases (12 %, versus 9 % for the chitin library), with both libraries displaying very similar patterns of representation with respect to hydrolases, oxidoreductases, lyases, ligases and isomerases. Helicase transcripts were identified in the oosporein but not in the chitin library. Little variation was observed in the annotated sequences sorted by ligand-binding categories between the two libraries.
The top two most abundant ESTs found in both the oosporein and chitin libraries did not display any significant hits to any sequences currently in the databases ( databases. In contrast, only 9 of the top 25, representing less than 5 % of the total dataset in the oosporein library, had no significant hits. Abundant ESTs shared between the two libraries included elongation factor 1-a, histone H3, an ATP synthase component, ADP/ATP translocase, transaldolase, a putative clock-controlled protein, a hydrophobin (see the accompanying paper, Cho et al., 2006 ) and a number of ESTs with no significant hits in the searched databases (e.g. oosporein.033.c1 and chitin.032.c1).
Amongst unique ESTs, the oosporein library contained transcripts similar to three different chitin synthases likely to be involved in cell wall biogenesis (Roncero, 2002; Ruiz-Herrera et al., 2002) , including ESTs (for a list of the ESTs discussed, with accession numbers and search results, see Supplementary Table S4 available with the online journal) similar the Neurospora crassa class III chitin synthases 3, N. crassa chitin synthase 4 (class IV), and a second putative class IV gene similar to Ustilago maydis chitin synthase 6. The oosporein EST collection contained a diverse number of nutrient uptake systems, including ESTs similar to a S. cerevisiae dicarboxylic amino acid transporter (Regenberg et al., 1999) , a Trichoderma harzianum broad-range amino acid permease induced during growth on Rhizoctonia solani cell walls (Vasseur et al., 1995) , a Candida albicans peptide transporter (Basrai et al., 1995) , an Aspergillus nidulans high-affinity proline-specific permease (Sophianopoulou & Scazzocchio, 1989 ) and an S. cerevisiae a-glucoside (maltose) and lactose permeases (Chang & Dickson, 1988; Han et al., 1995) .
The oosporein library also contained a range of hydrolases, including proteases, phosphatases, lipases and nucleases, but in contrast to the chitin library, no chitinases. A number of different ESTs were similar to a class of unique proteases relatively insensitive to specific inhibitors of ordinary acid or aspartic proteinases, such as pepstatin, and other compounds. In one instance, two different oosporein EST contigs were similar to the same protein, namely, the Aspergillus niger var. macrosporus endopeptidase or aspergillopepsin (Inoue et al., 1991) . One such contig (oosporein.167.C1, e value <10 2100 ) was represented moderately (seven times), whereas the other (oosporein.240.C1, e value=3?25610 239 ) comprised two sequences. Although the sequences of these two contigs could not be aligned into a single contig and have been scored as representing separate transcripts (and hence genes), they were approximately 80 % identical. A third EST was similar to the skin disease-causing dermatiaceous coelomycete Scytalidium dimidiatum (lignocolum) scytalidopepsin B, which also belongs to the pepstatin-insensitive acid protease family (Oda et al., 1998) . In addition, the Although the production of toxic metabolites by B. bassiana is well known, to date, none of the genes that encode enzymes involved in the biosynthesis of these compounds has been reported. The synthesis of enniatins and cyclosporins, both N-methylated cyclohexadepsipeptides produced by Fusarium and Beauveria species (Kamyar et al., 2004; Lawen, 1996) , are catalysed by large single polypeptide multifunctional enzymes that belong to the class of nonribosomal peptide synthases (Glinski et al., 2002; Haese et al., 1993; Herrmann et al., 1996) . We have identified ESTs in both the oosporein and chitin libraries similar to the Fusarium enniatin synthetase (oosporein_10-H08.e, e value=7?6610 27 , chitin_8-D06.e, e value= 4610 242 ). These two ESTs did not contain any overlapping sequences (and hence did not cluster into a contig) but in this case due to the length of the ennitain gene (~10 kb) they could represent different regions of the same transcript.
In addition to the production of toxic metabolites, entomopathogenic fungi are able to persist within the insect haemolymph as freely circulating hyphal bodies where they interface with the host innate immune responses (Pendland et al., 1993) . These reactions rely upon recognition and targeting of foreign cells, and successful pathogens have developed a range of mechanisms for masking their presence, mostly involving alterations in cell wall composition. This can involve modifications of cell-surface carbohydrates and/or proteins (Brown & Gordon, 2005; Gillespie et al., 2000; Pendland & Boucias, 1998) . Mucins form a protective coat surrounding many epithelial cells, and are very hydrophilic glycoproteins that provide a scaffold for the attachment of oligosaccharides (Gum et al., 1994) . Interestingly, the oosporein library contained an EST (oosporein_24-C12.e, e value=4?4610 27 ) similar to human mucin 2 (Gum et al., 1994) .
The cDNA library derived from chitin-grown cells contained a number of unique ESTs, including three chitinases: two similar to the Coccidioides immitis complement-fixation antigen endochitinase (Zimmermann et al., 1996) (again these sequences could not be aligned into a single contig, but may still represent transcripts of the same gene), and another similar to C. albicans chitinase 3 (McCreath et al., 1995) . A number of other glycosidases were found including a melibiase, and two ESTs similar to 1,3-b-glucanases most likely involved in cell wall remodelling.
Comparative analysis between the aerial conidia, in vitro blastospore, submerged conidia, oosporein and chitin libraries Subtilisin proteases and other pathogenicity factors.
Characterization of EST libraries from aerial conidia, in vitro blastospores and submerged conidia are presented in the accompanying paper (Cho et al., 2006) . Along with the EST libraries presented in this report, approximately 4360 different transcripts were identified between the five libraries. Subtilisins represent an important class of pathogenicity factors extensively studied within the context of fungal-mediated insect pathogenesis (Bagga et al., 2004) .
In this regard, one of the best-studied model systems is the entomopathogenic fungus Metarhizium anisopliae (Bagga et al., 2004; Freimoser et al., 2003a Freimoser et al., , 2005 . Indeed, in M. anisopliae overexpression of a subtilisin has been demonstrated to lead to enhanced virulence (St Leger et al., 1996) ; therefore, a comparative analysis between the B. bassiana and M. anisopliae subtilisins was performed (Table 3) . Depending upon the strain, M. anisopliae can produce up to 11 different subtilisins, many of which are upregulated during growth on insect cuticle. These enzymes have been grouped into four groups: class I ('bacterial') subtilisin (Pr1C), and three groups of proteinase K-like class II subtilisins, extracellular subfamily 1 (Pr1A, Pr1B, Pr1G, Pr1I and Pr1K), extracellular subfamily 2 (Pr1D, Pr1E, Pr1F and Pr1J) and an endocellular subtilisin (Pr1H) (Bagga et al., 2004) . Our B. bassiana EST collection contained eight different subtilisins displaying various levels of similarity to the M. anisopliae enzymes ( Table 3 ). The aerial conidia library contained seven of these enzymes, four of which were not found in the other EST sets (conidia_11-D01.e, conidia_22-C04.e, conidia_08-G10.e and conidia_12-H11.e, see Table 3 ). The chitin-grown library also contained an enzyme not found in any of the other libraries (chitin_8-G09.e). It should be noted that these sequences represent only a part of the gene; therefore, any conclusions should be taken with some caution. Two of the B. bassiana subtilisins (each represented by two contigs, conidia_22-B05.e/oosporein_9-D06.e and conidia.60.C1/ chitin_24-D01.e) were most similar to the class II extracellular subfamily 1 enzymes (Pr1A/B/G/I/K) of M. anisopliae [note that it was overexpression of Pr1A that led to enhanced virulence in M. anisopliae (St Leger et al., 1996) ]. A distinct B. bassiana class I subtilisin was also noted, and the other three enzymes appeared to represent class II endocellular proteins.
Aside from the subtilisins a wide range of potential virulence and/or pathogenicity factors were also found in the EST collection. Amongst these a variety of hydrolases, including chitinases, esterases, peptidases, phosphatases, phospholipases and proteases (see Supplementary Table S5 available with the online journal), were identified. In addition, a series of proteins involved in the production of toxic secondary metabolites, including the previously mentioned enniatin synthases, as well as several genes whose protein products appear to be involved in sterigmatocystin production, were noted. EST datasets for the entomopathogenic fungi M. anisopliae (ascomycete) and Conidiobolus coronatus (zygomycete) revealed a plethora of secreted hydrolases in the former case, and comparatively few hydrolases (e.g. no phospholipases), antimicrobial compounds, toxic metabolites, and no ESTs with putative roles in antibiotic production in the latter case (Freimoser et al., 2003a, b) . Our results indicate that the adaptations to entomopathogenicity in B. bassiana are closer to those of M. anisopliae in that a wide variety of hydrolases and toxic metabolites, including potential antibiotics, are produced by the fungus.
Shared and unique sequences. An overall analysis of unique and shared sequences between all five libraries was performed and is presented in a non-simple Venn diagram ( Fig. 4) . A table containing (1) the number of times each sequence was found in each library and (2) the identities of the sequences belonging to each set delineated in Fig. 4 is available as supplementary data with the online journal ( Supplementary Table S6 ). In the figure, the dataset derived from each library is bound by a colour coded line. The outermost ring represents those sequences unique to each library, the second ring sequences uniquely shared between two libraries, the third ring sequences unique to any given three libraries, the fourth ring sequences unique to any four libraries, and the innermost ring ESTs found in all five libraries. To find the full complement of shared sequences several levels need to added, e.g. the unique set of shared sequences between aerial conidia and the oosporein library (ac+o) is 66 ESTs; however, the total shared sequences would include (ac+o=66)+(ac+o+ch=25)+(b+ac+o=19)+(sc +ac+o=24)+(ac+ch+sc+o=25)+(b+ac+o+ch= 17)+(sc+ac+o+b=26)+(ac+b+sc+ch+o=60)= 66+25+19+24+25+17+26+60=262 ESTs. An interesting insight gained from the Venn diagram analysis was the high degree of unique sequences present in each library. These results indicate the robust nature of the cDNA libraries and suggest that production of cDNA libraries from distinct developmental conditions can maximize gene diversity in EST data collection. No distinct patterns of gene expression could be surmised from the sorted gene datasets, although the small number of transcripts (<2 %) shared by all libraries suggest that further sequencing of the libraries is likely to yield additional new transcripts (until this number grows large enough to be considered saturated).
The overall B. bassiana EST collection should provide a means by which gene expression can be measured during development and pathogenesis of this fungus. The range and variety of ESTs corresponding to hydrolases and secondary metabolite products may be indicative of the genomic potential behind the broad host-range capabilities of B. bassiana, its growth and development in non-insect habitats (i.e. as saprobes in soil and possibly as endophytes in plants), as well as its ability to rapidly adapt (resulting in increased virulence) to specific targets after passage. The B. bassiana genome consists of 7-8 chromosomes and is estimated at 34-44 Mb (Pfeifer & Khachatourians, 1993; Viaud et al., 1996) . The combined EST dataset will provide a basis for genome annotation and genetic explorations of the molecular basis for the lifestyle adaptations of B. bassiana. 
